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Physics  Department,  University  of  Pittsburgh,  Pittsburgh,  Pa.  1?260 


Joint  Institute  for  Laboratory  Astrophysics 
University  of  Colorado  and  National  Bureau  of  Standards 
Boulder,  CO.  80302 


Abstract 

Previous  calculatlonii  of  ion-atom  interactions  by  the  pseudopotential 
and  asymptotic  methods  are  used  in  the  computation  of  the  cross  section 
for  symmetric  charge  transfer  at  energies  below  1 keV.  The  results  for 
Li'*’,  Na'*',  K’*’,  Rb'*’,  Cs'*'  and  Ca'*'  ions  are  compared  with  data  obtained  in 
beam  experiments,  and  by  optical  pun5)inG  techniques.  Ihe  difference  in 
the  cross  sections  for  ^^3/2  thermal 

energies  is  studied  and  the  predictions  are  compared  with  recent  mobility 
measurements.  Cross  sections  are  obtained  for  - U collisions,  and  the 
dependence  of  the  thermal  cross  section  on  the  polarizability  is  described. 
Symmetric  charge  transfer  of  the  negative  ions  h”,  Na"  and  Cs"  is  discussed 
briefly. 


This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  was  monitored  by  ONR  under  Contract  No. 
NOOO1U“76“COO90»  and  by  ERDA  under  Contract  No.  E(04-3)“U06. 
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1.  Introduction 

For  many  years  there  has  been  considerable  interest  in  symmetric 
charge  transfer  reactions  at  low  energies.  T»iis  is  due  in  part  to  the 
fact  that  the  large  cross  sections  for  this  process  lead  to  a considerable 
reduction  in  the  nobility  of  ions  in  their  parent  gases.  Also  a simple 
theoretical  model  of  the  process  has  been  developed^" which  shows  that 
the  magnitude  of  the  cross  section  is  controlled  mainly  by  the  long 
range  interactions,  which  can  be  cmputed  using  asymptotic  theories. 

Ihus  it  is  possible  that  the  calculated  cross  sections  may  be  more 
accurate  than  is  typical  for  ionic  collision  processes. 

The  reaction  can  be  expressed  symbolically  as 


X"  + X - 


Xg  - X + X 


At  very  low  energies  we  can  consider  the  fomation  and  dissociation  of 
the  molecular  ion  to  occur  adiabatically,  that  is  without  any  change  in 
the  molecular  electronic  state.  The  simplest  situation  arises  when  the 
initial  states  of  the  ion  and  atom  are  in  S - states  and  one  of  them  has 
zero  spin  (e.g.X  ■ H,  He,  Li,  Be,  Au,  Hg).  For  such  systems  two  molecular 
states  are  involved;  asymptotically  these  states  correspond  to  gerade 
and  ungerade  linear  combinstions  of  the  Initial  and  final  states  in 
reaction  (l).  !Hie  crucial  step  in  the  calculation  is  the  computation  of 
the  potential  curves  of  these  states,  Eg(R)  and  Eu(R).  at  large  inter- 
nuclear  distances. 

Although  the  theory  can  be  formulated  completely  in  terns  of 
quantum,  mechanlcn,  the  impact  parameter  approximation  can  be  used  without 
significant  loss  of  accuracy.  In  this  approach  one  considers  the  nuclei 


to  aove  along  elaasloal  trajaetorles  determined  by  the  molecular  potential 
energy  curves*  The  cross  section  is  then  written  as 

m 

Q(v)  » 2tt  f P(b,v)  b^db  . (2) 

o 

P(b,v)  denotes  the  probability  that  charge  transfer  trill  take  place  during 
a collision  with  impact  parameter  b and  relative  vitlocity  v,  and  can  be 
expressed  in  tenss  of  the  phase  shifts,  Tlg(b,v)  and  Tlu(b,v),  for  scattering 
along  the  molecular  potential  curves  Sg(P) 

P(b,v)  » sin^C\(b,v)  - “ng(b,v)]  (3) 

This  phase  difference  can  be  confuted  using  the  JWKB  approximation, 

A7|(b,v)  - - TlgCb,*)  - 

J*  ^2m)E(l  - - Eg(R)i]^dR-r  [2m|E(l  - - Eu(R)|]^  dR  (U) 

^■)g 

Here  E is  the  collision  energy  in  the  center-of-mass  coordinate  frame, 
m is  the  reduced  mass,  and  Rog  and  R^y  are  the  classical  turning  points 
for  the  motion  along  the  two  potential  curves.  Note  that  we  do  not  need 
to  assune  straight  line  paths  or  even  a ccnmon  trajectory. 

For  low  energy  collisions  the  charge  transfer  probability  P(b,v) 
oscillates  rapidly  between  0 and  1 for  values  of  b less  than  some  value 
bjj,  and  then  decreases  exponentially  for  b > b^.  This  behaviour  led 
Pirsov^  to  suggest  a very  simple  approximation  for  the  integral  over 
impact  parameter  in  Eq.  (2).  For  b < b^,  Firsov  replaced  P(b,v)  by  its 
average  value  of  i,  whereas  for  b > b^  he  set  P(b,v)  equal  to  sero.  The 
charge  transfer  cross  section  is  then  equal  to  Jnb^  . The  parameter  b^ 
is  defined  to  be  the  hipest  Impact  parameter  at  which  P(b,v)  attains  a 


1 


critical  value,  Pq,  which  Pirsov  took  to  be  dose  to  0.1.  Rapp  and 
7 

Prancii  used  the  same  procedure  but  with  equal  to  0.2$,  whereas 
6 9 

ad.mov  * took  to  be  about  0.07^  and  used  a slightly  different 
approximation  for  the  integral.  In  each  of  these  theories  straight 
line  trajectories  were  assua'^  and  the  results  were  expressed  in  the 


0,*(v)  ■ A - B log  V 


in  which  A and  B are  constants  which  are  determined  mainly  by  the  ioni- 
zation potential  of  the  atcn  involved  in  the  collision. 

For  systems  in  which  there  is  degeneracy  in  the  initial  states 

we  must  consider  more  than  two  molecular  states.  For  example,  in  the 
1 2 

interaction  of  a S atom  with  a P ion  we  obtain  Z states  and  0 states. 
For  such  cases  we  must  compute  two  phase  differences  for  each  value  of 
b and  V,  once  usin;  the  £■*  state  curves  and  once  mlng  the  n**  state 
curves.  We  will  assume  that  during  the  collision  the  different  molecular 
states  are  popul'jited  in  proportion  to  their  statistical  weights. 

In  a previous  paper^^  we  have  discui>o^  the  asymptotic  method 
for  computing  the  potential  energy  curves,  Eg(R)  and  ]^(R),  at  large 
values  of  R for  positive  ion  systems  in  cases  where  fine- structure 
splittings  are  Insignificant.  In  sec.  II  we  will  summarize  the  results 
of  that  paper  and  will  examine  the  effects  arising  from  the  spin-orbit 
splittings. 

In  secs.  Ill  and  IV  we  will  describe  calculations  of  the  cross 
sections  for  resonant  charge  transfer  of  Id'*’,  Na'*',  K"*",  Rb'*’,  Cs"*^  and  Ca"*^ 
ions  and  will  compare  the  results  with  experiment.  We  will  also  present 
results  for  U'*’  - U collisions,  for  which  we  are  aware  of  no  published 
experimental  data. 


i&y 
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Recent  experiments  by  Helm^5  on  the  drift  motion  of  Kr'*’  ions  in 

Kr  gas  have  shown  that  there  is  a difference  of  about  3%  in  the  mobilities 

of  the  ^3/2  *^**'^<^^**®  components  of  the  ionic  ground  state. 

In  Sec.  V we  will  examine  the  cross  sections  for  lesonance  charge  transfer 

for  both  ionic  states  to  see  if  there  is  a similar  difference.  A similar, 

but  larger,  effect  is  found  for  Xe"*”  drifting  through  Xe  . 

Our  major  in  this  paper  is  to  exploit  the  results  of  the 

asymptotic  theory  of  ion-atom  interactions.  Ihus  we  will  concentrate  on 

the  energy  region  below  1 keV  in  which  the  cross  sections  are  large.  The 

charge  transfer  cross  sections  aill  show  a decreasing  trend  as  the  energy 

increases,  but  in  the  energy  range  above  100  eV  there  are  often  small 

oscillations.  These  oscillations  arise  from  collisions  with  relatively 

small  impact  parameters,  so  that  their  form  depends  critically  on  the 

behaviour  of  the  potential  evurves  at  small  distances.  Hence  we  will 

not  attempt  to  predict  the  amplitude  and  shape  of  the  oscillations. 

We  will  also  attempt  to  check  some  of  the  approximations  which 

2-lU 

were  made  in  the  early  theories  in  order  to  obtain  analytic  expressions 
for  the  cross  sections. 

If  the  asyi.’iptotic  method  is  applied  to  the  resonant  charge  transfer 

of  negative  ions,  and  if  the  effects  of  polarization  are  neglected,  tlie 

id 

result  is  similar  to  that  obtained  by  anirnov  and  Firsov'*’  using  the 

zero-range-potential  method.  One  finds  a strong  correlation  bjt'^een  the 

charge  transfer  cross  section  and  the  atomic  electron  affinity.  Bydin 

has  measured  the  charge  transfer  cross  sections  for  the  alkali  ions 

Ha",  k",  Rb"  and  Cs",  and  has  deduced  values  of  the  electron  affinities 

of  there  ions  by  ai>plication  of  the  animov-Firsov  theory.  The  values 

predicted  in  this  way  are  not  consistent  with  the  results  of  the  recent 

20 

laser  photodetachment  experiments  . For  example,  Bl'din  deduced  the 
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I 
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value  of  0.13  - 0.07  eV  for  the  electron  affinity  of  Cs  whereas  the 
measured  value  is  O.U7I  - .003  eV,  In  spite  of  the  more  recent 
theoretical,  work  of  Davidovic  aiid  Janev^^  it  is  unclear  whether  this 
discro>ancy  arises  from  errors  in  the  theory  or  in  the  experiment. 

Thus  it  was  our  original  intention  to  perform  accurate  calculations 
for  some  negative  ion  systems  in  order  to  check  the  accuracy  of  Bydin's 
experimental  work.  However,  there  are  serious  difficulties  in  estimating 
the  long-range  interactions  of  negative  ions  with  atoms  which  have  a high 
polarizability,  and  there  €we  no  reliable  ab  initio  ceilculations  of  such 
interactions.  Nevertheless  we  were  able  to  reach  come  conclusions  about 
the  experimental  results.  In  Sec.  VI  we  will  discuss  these  theoretical 
problms  and  will  summarize  our  findings. 

Atomic  units  will  be  used  in  the  equations  of  this  paper,  but  cross 

i 

sections  will  be  presented  .in  units  of  h^,  with  energies  specified  in  eV. 

Asymptotic  theory  of  ion-atom  interactions 

The  long-range  interaction  between  an  ion  and  its  parent  atcmi  can  be 
expressed  in  the  form 


( 

I 

i 


J 


E(R)  ~ £(•»)  - a - ^dE(R)  (6) 

2? 

Here  a is  the  polarizability  of  the  neutral  atom  and  AE(R)  is  the  exchange 
splitting  which  arises  because  of  the  indistinguishability  of  the  electrons 
in  the  system.  In  our  earlier  paper^^  we  cU-SCUssed  the  computation  of 
A^r)  for  positive  ion  systems  in  which  the  spin-orbit  forces  are  negligible. 
We  assume  that  the  electrons  of  the  ion  and  atom  move  in  independent 
orbitals,  and  that  the  atomic  wave  function  is  constructed  from  the  orbitals 
of  the  ion  together  with  one  additional  orbital  to  describe  the  electron 
which  is  transferred  . The  exchange  splitting  AE(r)  io  then  determined 


J 


A 


1 


by  the  quantum  nvnbersj  m,  and  size  of  this  latter  orbital.  If  the 

2 

ionization  potential,  1,  is  written  as  l/(2v  ) then  the  asymptotic  fox-m 
of  A1(R)  is 

A «p(-S)  . I . 0 ^ (7) 

Here  m denotes  the  cosoponent  of  the  orbital  angular  momentum,  i,  about 
the  inter-nuclear  axis,  and  is  the  number  of  equivalent  electrons  in 
the  outer  shell  of  the  ion.  The  constants  A and  B depend  on  v,  i euid  m 
and  A also  depends  on  the  normalization  constant  in  the  orbital  corres- 
ponding to  the  transferred  electron.  Ihe  determination  of  this  normali- 
zation constant  is  the  major  uncertainty  in  the  application  of  the 
asyjiq)totic  method^^. 

The  sign  and  relative  magnitude  of  should  be  specially 

noted.  When  is  even,  as  in  and  Lig'*’,  states  lie  above  the 
Eg  states  >ihich  dissociate  to  the  same  limit,  whereas  Ilg  states  are 
above  states.  When  is  odd,  as  in  HCg'*’  and  NCg'*’,  these  orderings 
are  reversed.  In  cases  where  both  E and  II  states  share  a common  disso- 
ciation limit,  such  as  NCg'’’,  the  E splittings  are  greater  than 

the  n splittings. 

When  fine  structure  splittings  are  significant  we  must  specify 
the  total  Angiiiftr  momentum  J of  the  active  electron  orbital  and  its  com- 
ponent 0 along  the  intemuclear  axis.  We  will  later  examine  the  molecular 
ions  RTg'*’,  XCg'*’  and  Ug"*"  at  sufficiently  large  values  of  R that  the  spin- 
orbit  splittings  au:e  large  compared  to  AX(R).  We  can  then  assume  that 
the  matrix  elements  of  the  spin-orbit  interaction  arc  independent  of  R. 


7 


One  can  easily  show  that  in  this  situation 


(8) 


We  have  used  the  tilde  to  indicate  that  the  r^littings  refer  to  the 
(jn)  representation.  In  app.'ying  Bq.  (8)  one  should  clearly  take  account 
of  the  sign  of  A^j„(r)  and  Duman  and  Snimov^  appear  to  have  neglected 


the  variation  of  this  sign  in  their  study  of  the  inert  gas  systems.  Ibis 
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mistakr,  was  not  made  by  Johnson  . 


III.  Results  for  alkali  positive  ions 

The  positive  ions  of  the  alkali  atoms  are  particularly  suitable 
for  tests  of  the  two-state  model  of  the  resonant  charge  transfer  process. 

In  our  previous  paper^^  we  have  computed  the  asynrptotic  form  of  the 
energy  splitting  AE(R).  For  intermediate  separations,  between  2 and  20 
a.u.  the  splittings  were  obtained  by  the  pseudopotential  method*^ 

Biere  is  some  uncertainty  in  the  oplittings  at  smaller  distances, 
especially  for  the  heavier  alkali  ions.  Die  potential  curves  in  this 
latter  region  influence  the  form  of  the  oscillations  in  the  cross  sections. 
We  will  discuss  the  oscillations  only  for  the  case  of  Li'*’,  since  ab  initio 
potential  curves  are  available  for  Ll2^  at  small  separations. 

Let  us  first  consider  the  major  sources  of  error  in  the  two-state 


model  for  Li  - Li  collisions.  Firstly  there  is  a 'rossing  between  the 


2 2 + 24 

IxDwest  and  cvur/'es  v>f  Lig  at  euTOund  5.6  a.u.  that  will  lead 


to  excitation  of  the  Li  atom  vo  the  lowest  t state.  This  crossing  could 


possibly  produce  oscillations  of  amplitude  up  to  10  in  the  charge  trans- 


fer cross  sections.  At  a separation  of  around  0.6  there  is  an  avoided 


crossing  between  the  lowest  two  states,  and  the  lowest  one  crosses 
2 

below  the  Zg  curve  as  the  united  atom  limit  is  approached.  Ibese  latter 
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effects  will  le&d  to  a small  modification  of  the  charge  transfer  cross 


section  above  100  eV.  Finally,  at  energies  above  a few  keV  the  molecular 


approach  will  be  less  useful  as  non-adiabatic  effects  become  important. 


We  have  estimated  the  g-u  splitting  for  separations  down  to  zero 


and  have  computed  the  charge  transfer  probability  p(b)  xbr  all  b.  The 


cross  section  was  then  obtained  by  numerical  integration.  In  Fig.  1 


the  computed  cross  section  is  presented  as  a function  of  inverse  velocity 


for  center-of-mass  energies  between  200  and  2000  eV.  One  does  see 


oscillations  which  appear  to  have  a constsmt  wavelength  on  this  plot,  in 


agreement  with  the  theory  of  Smith^^'^'^.  The  oscillations  are  primarily 


due  to  the  maximum  in  the  energy  difference  AE(R)  which  occurs  around 


R = 4 au.  Fig.  1 also  includes  the  experimental  results  of  Perel  et  al,^^ 
and  the  results  of  two-state  calculations  by  McMillan^^.  The  most  obvious 


discrepancy  is  that  both  theoretical  results  are  approximately  15^  higher 


than  the  measured  values.  This  difference  was  also  found  in  the  previous 


two-state  calculations  by  Bottcher  et  al^®.  The  oscillations  in  each  of 


the  theoretical  cross  sections  are  approximately  of  the  same  size  as  in 


the  experimental  results  but  there  are  significant  differences  in  the 


positions  of  the  peaks.  McMillan^^  has  shown  that  allowance  for  the 


coupling  of  the  and  states  leads  to  a shift  in  the  positions  of 


these  peaks  and  improves  the  agreement  with  experiment.  However,  the 


magnitude  of  the  computed  cross  section  is  not  changed  significantly  by 


the  introduction  of  the  third  state. 


In  Fig.  2 wc  present  our  results  over  a wide  range  of  energies 


in  an  alternate  form,  with  (Q)2  plotted  against  log  E.  Between  0.25  eV 


and  50  eV  we  find  the  linear  behaviour  predicted  by  the  Firsov  theory. 


Above  50  eV  the  linear  law  describes  the  general  trend  but  the  small 


oscillations  are  apparent.  Below  0.25  eV  the  cross  section  is  increased 


A 


because  of  the  polarization  attraction.  However  at  the  thermal  energy 
of  0.025  eV  our  vrlue  of  361;a2  is  significantly  higher  than  the  Langevin 
limit  of  TT(of/kE)^.  Fig.  2 also  includes  the  experimental  results  of 
Lorents  et  al^^,  and  tJ'c  theoretical  results  of  Dumen  and  Smirnovl^. 

The  theoretical  results  are  in  good  agreement  for  energies  above 
1 eV,  thus  confirming  the  validity  of  the  rpproximations  used  by  Duman 
and  Srairoov.  At  lower  energies  our  c:-o£c  sections  are  higher,  since  we 
allowed  for  the  bending  of  the  trajectories  due  to  the  attractive 
polarization  force.  Although  the  theoretical  and  experimental  curves 
inte  sect  at  around  200  eV  there  is  a significant  discrepancy  in  the 
energy  dependence  of  the  cross  section.  For  a center-of-mass  energy  of 
7 eV  our  computed  value  of  ~ 175A^  is  over  2%  smaller  than  the  experi- 
mental value  of  2U0a2.  This  difference  is  considerably  larger  than  the 
experimental  error  of  8^,  as  estimated  by  lorents  et  al. 

For  Na+-Na  collisions  at  energies  above  500  eV  our  computed 
cross  sections  are  about  1%  above  the  experimental  values  of  Daley 
and  Perel^  , but  are  close  to  the  previous  two- state  calculations  by 
Bottcher  et  al^  . Once  again  the  magnitude  and  frequency  of  the  oscilla- 
tions are  predicted  well  by  the  theory , but  there  is  a discrepancy  in 
the  phase  of  the  oscillations.  We  believe  that  this  is  due  predominantly 

to  our  neglect  of  the  state  of  Na2'*’  which  crosses  the  state 

22  30  ^ 
arorjid  5 a.u.  * . some  of  our  calculated  values  are  given  in  Table  I. 

Our  results  for  the  heavier  ..Ikalis  K+,  Rb'^  and  Cs"^  are  presented 
in  Table  I,  and  in  Figs.  3-5  they  are  compared  with  the  values  obtained 
in  recent  experiments.  Gentry,  Lee  and  Mahan^B  have  perfonned  beam 
experiments  for  each  of  these  ions  at  laboratory  energies  between  10  and 
500  eV.  Once  again  the  experimental  results  decrease  more  rapidly  than 
the  calculated  values.  For  Rb+  and  Cs+  theory  and  experiment  are  in  good 


10 


agrement  for  Uboratoiy  energies  around  ?>0  eV.  Measurements  have  been 
made  for  these  two  ions  at  higher  energies  by  Perel  et  For 

laboratory  energies  near  1 keV  their  measured  cross  sections  are  15-20^ 
below  our  computed  values.  Hie  cross  sections  measured  by  Gentry  et  al.^’^ 
for  K charge  transfer  are  considerably  lower  than  our  calculated  values. 
However  the  authors  expressed  some  uncertainty  regarding  the  absolute 
magnitude  of  their  potassium  cross  sections. 


Mitchell  and  Fortson35  have  measured  the  charge  transfer 


cross 


sections  for  Rb  and  Cs  at  thermal  energies  in  an  optical-pun^jing  experi- 
ment. For  Bb'^  our  calculated  value  of  569A^  is  barely  consistent  with 
their  measured  value  of  710  ± 150  whereas  in  Cs+  our  value  of  650  A^ 
is  well  within  their  limits  of  80C  t 300  a^.  For  Cs+  a lower  cross 
section  was  reported  in  a similar  experiment  by  Oluwole  and  Itogun^^. 

However  we  believe  that  there  may  have  been  an  error  in  the  analysis  of 
their  ejq)eriment. 

Andersen  et  al.^*^  have  recently  studied  Cs+-Cs  charge  transfer 
in  a Q-  machine  and  obtained  a value  of  600  i 200A^  for  incident  ion 
energies  of  2 eV.  Our  computed  value  of  450  A^  falls  once  again  in  the 
lower  portion  of  this  range. 

Calculations  similar  to  ours  have  been  perfomed  by  Smirnov^ 
with  results  that  are  smaller  by  about  10^.  However  the  more  recent 
paper  by  Duman  and  Smirnov^  seems  to  Indicate  that  there  were  seme 
errors  in  the  earlier  work  and  the  values  quoted  in  this  latter  paper 
are  very  close  to  our  results  for  laboratory  energies  of  above  1 eV. 
However  their  assumption  of  straight  lln^,  trajectories  again  leads  to 
a significant  underestimation  of  the  cross  section  at  very  low  energies. 


r 
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IV.  Reaulta  for  and  IT*’ 

Two  recent  meat  orements  of  Ca'^-Ca  charge  transfer  cross  sections 
have  given  widely  different  results.  Rutherford  et  al.^®  obtained  a 
cross  section  which  decreases  from  550  at  3 eV  to  320  at  500  eV, 
whereas  the  cross  section  measured  by  Panev  et  decreases  from 

220  A^  at  6 eV  to  160  A^  at  1000  eV. 

For  atoms  such  as  Ca,  with  two  valence  electrons,  the  determination 
of  the  asyii5)totic  normalization  constant  q (defined  in  Eq.  2 of  Ref.  15) 
is  especially  difficult.  From  an  examination  of  the  multi -configuration 
ground  state  wave  functions  obtained  by  Robb^^  we  were  able  to  deduce 
only  that  q probably  lies  between  1.0  and  1.5.  The  value  deduced  by 
Duncan  and  Snimov  by  fitting  to  a single-configuration  Hartree-Foclc 
wave  function  was  1.0.  Hence  we  have  performed  calculations  of  the  cross 
section  with  q set  equal  to  1.0  and  1.5.  As  can  be  seen  from  Fig.  6, 
the  V6ilues  measured  by  Panev  et  fall  close  to  the  results  we 

obtain  with  q ■ 1.5,  whereas  the  measvirements  of  Rutherford  et  al.3® 
are  well  outside  the  range  of  our  results.  The  cedculations  of  Daman 
emd  Snimov  lie  sll^tly  below  the  results  that  we  obtain  with  q = 1. 

The  oscillations  in  the  observed  cro^s  sections^^,^  extend 
to  much  lower  energies  than  in  the  sJkali  systons.  We  support  the 
suggestion  of  Panev  et  al.  that  this  indicates  the  existence  of  a curve 
crossing  at  a relatively  large  intemuclear  separation. 

!Ihe  valence  structure  of  the  uranium  atom  is  (5^5/2^^  ^'^®l/2^^ 
(6d2/2)>  “^<1  "th®  ground  state  of  the  positive  ion  is  obtained  by 
removing  the  6d3/2  electron.  Although  the  5f  shell  is  rut  filled  the 
5fj^2  orbital  is  significantly  smaller  theui  both  the  ^^/2 

orbitals.  Thus  we  will  assume  that  the  coupling  between  the  5^5/2 
6d3/2  electrons  is  not  Important  and  apply  the  one-electron  model, 


i 


**  .1  * 


afisisnlng  transfer  of  the  electron.  The  spin-orbit  forces  are 

sufficiently  strong  that  we  must  con5>ute  the  molecular  splittingc  using 
the  J-0  representation.  Following  the  method  outlined  in  Sec.  II  we  find 


^/2  3/2  “ ^ ^2  ^ 


%/2  1/2  “ I I ^20 

In  writing  down  th«  asyB5)totic  fom^  of  the  6d2^2  orbital,  we  chose  the 
normalization  constant  q to  be  O.U  in  order  to  reproduce  the  expectation 
value  <r*^  found  in  the  relativistic  Hartree-Fock  calculations  by  Mann^^. 

At  thermal  energies  the  i>olarization  attraction  leads  to  signifi- 
cant bending  of  the  trajectories.  Ikifortunately  the  polarizability  of  U 
is  not  known.  Using  the  oscillator  strength  sum  rule  we  estimate  the 
polarizability  to  be  I62  a. a.  but  we  have  eJ-so  performed  calculations 
using  the  values  of  120  a.u.  and  200  a.u.  As  can  be  seen  frem  Fig.  7 
the  effect  of  polarization  is  insignificant  for  energies  of  relative 
motion  above  2 eV. 

For  values  of  the  center-of-mass  energy  E between  0.025  eV  and 
100  eV  our  results  with  a polarizability  of  162  a.u.  are  well  iltted 
by  the  form 

Q = (12.6  - 1.55  log^^3  £)^  + 1.153  CLC) 

«2 

if  E is  expressed  in  tV  and  Q in  A . For  a center-of-mass  energy  of 

t 

\ i 

[ 0.025  eV  the  dependence  of  the  cross  section  on  the  polarizability  can  . 
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be  approximated  by 
If  Of  is  expressed  in  a,u.,  and  Q in  A . 


(11) 


V.  Effects  of  the  fine-structtire  splittings  in  Kr"*  and  Xe"*^ 

Helm^  has  recently  reported  studies  of  the  drift  motion  of  Kr"^ 
ions  in  a buffer  gas  of  Kr  atoms,  in  which  he  was  able  to  make  separate 
measurements  of  the  mobiUties  of  the  lowest  and  states  of 

Kr'*'.  He  found  that  the  mobility  of  the  i.  ^testable  ^2./2  higher 

than  that  of  the  ground  state  by  3*3  - 0.2^  for  swams  of  ions  with 
characteristic  energies  between  O.O3  and  0.04  eV.  For  Xe"*"  in  Xe  ho  finis 
a difference  of  about 

Ionic  mobility  is  primarily  detennlned  by  the  momentum-transfer 
cross  section  for  collisions  of  the  ions  with  the  buffer  gas  atoms  and 

in  the  zero  field  limit  one  can  obtain  a simple  expression  for  the 

43 

mobility  . Furtheimore  it  is  usually  assumed  that  the  momentum  transfer 
cross  section  for  ions  colliding  with  their  parent  gas  atoms  is  approxi- 
mately equal  to  twice  the  charge  transfer  cross  section. 

Hie  values  of  the  cross  sections  on  which  these  estimates  are 
based  are  given  in  Table  II . Uius  one  might  expect  the  charge  transfer 
cross  sections  for  ^^3/2  ^^1/2  ^ different  by  amounts  equal 

to  those  quoted  above. 

For  ion  energies  of  aroiuid  1 keV  the  experimental  work  cf 
Hishinuma^^  and  the  calculations  by  Kimura  and  Watenabe^*^  c«.d  by  Johnson^ 
suggest  that  the  difference  in  the  charge  transfer  cross  sections  of  the 
two  states  is  about  10^  for  Kr'*’  and  15^6  for  Xe"*^.  The  experimental  results^ 
ihow  the  difference  to  be  increasing  as  the  energy  is  reduced.  However 
at  very  low  energies  the  cross  section  should  be  determined  solely  by  the 
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polarizability  of  the  neutral  atom  and  the  energy,  and  so  should  be 
Independent  of  the  ionic  state.  This  expectation  is  consistent  with  the  • 

I 

calculations  by  Johnson^  and  by  Cohen  and  Schneider*^^.  Thus  it  seemed  ^ 

I 

worthwhile  to  examine  the  charge  transfer  cross  sections  for  Kr'*'  and  Xe"*" 
at  the  energies  appropriate  to  the  drift  tube  experiments.  j 

I 

For  ions  with  J ■ 3/2  the  component  of  angular  momentum  about 
the  nuclear  axis,  n,  can  be  either  1/2  or  3/2.  The  charge  transfer  cross 
sec  cion  can  then  be  obtained  by  averaging  over  the  cross  sections  appro- 
priate to  collisions  with  n ^ l/2  and  n = 3/2.  For  J = l/2,  on  the  other 
hand,  we  can  have  only  n = l/2  so  that  no  averaging  is  needed.  The  energy 
splittings  appropriate  to  each  set  of  values  of  J and  0 can  be  obtained 
by  using  Eq,s.  (7)  and  (8).  It  should  be  noted  that  in  applying  these 
equations  one  does  not  have  to  assume  that  the  V\/2  P3/2  electron 

orbitals  bavt  the  same  dependence  on  the  radial  coordinate  r. 

The  asymptotic  normalization  constants  q were  obtained  by  fitting 
to  the  relativistic  Dirac-Fock  wave  functions  of  Desclaux^®.  The  result- 
iiig  cross  sections  are  tabulated  in  Table  2 and  Figs.  8-9.  Even  at  on 
energy  of  0.01  eV  the  cross  section  does  depend  iq>on  J but  the  differences 
are  significantly  less  than  those  found  at  hi^er  energies. 

We  have  computed  the  zero-field  limit  of  the  reduced  mobility, 
assuming  that  the  momentum- transfer  cress  section  is  exactly  twice  the 
charge  transfer  cross  sections.  For  Kr"''  ions  at  a temperature  of  300°K 

we  obtain  values  of  O.896  cm^  V“^  sec”l  for  ^'P-^/2  ions  and  O.913  cl^  V"1 
-1  2 

sec  for  ions.  The  difference  of  1.8^  is  smaller  than  the  3.3% 

difference  observed  by  Helm^^.  The  absolute  values  are  consistent  with 
the  experimental  results  to  better  than  5^. 

For  Xe'*’  in  Xe  our  calculated  mobilities  are  0.562  cm^  V"^ 
l^or  and  0.597  cm^  V”^  s"^  for  ^ extrapolation 
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of  the  experimental  data  to  zero  field  Helm^'^  obtains  the  values 
0*532  “ .003  cm  V ^ s ^ and  O.563  “ .003  cm^  V ^ s ^ respectively.  The 
mobility  ratio  is  thus  in  very  good  agrees:cnt. 

Hie  experimental  errors  in  measurements  of  the  mobility  are  very 
small  compared  to  those  associated  with  direct  studies  of  charge  transfer 
cross  sections.  Ihe  drift  tube  may  therefore  provide  the  most  precise 
technique  for  the  measurement  of  these  cross  sections  at  low  energies, 
and  thus  further  examination  of  the  dependence  of  the  mobility  upon  the 
rate  of  charge  transfer  would  be  worth>rtiile. 

Our  cross  sections  for  Kr'*’  are  considerably  smaller  than  those 
measured  in  an  ion-cyclotron-resonance  experiment  by  Staith  and  Putrell^^. 
By  injecting  ions  into  a drift  tube  Kobayashi  and  Kaneko^^  studied 
Kr‘*‘-Kr  charge  tivuisfer  over  a range  of  energies  from  0.04  eV  to  3 eV. 

Ihey  found  the  cross  section  to  be  independent  of  energy  with  a ^alue 

+ *2  2 
of  100  - 15A  . Our  calculations  predict  a cross  section  of  100  A at  the 

lower  end  of  this  range  but  at  3 eV  we  would  estimate  the  cross  section 

to  be  about  60A^. 


! 1 
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VI.  symmetric  charge  transfer  for  H , Na  and  Cs 

In  the  charge  exchange  of  negative  ions  the  transferred  electron 
initially  belongs  tc  the  ion,  X”.  In  the  siiiq)lest  approximation,  its 
wave  function  in  the  asymptotic  region  can  be  written  in  the  form 

UgCr)  = q ^ (n)  (12) 

where  C Is  such  that  the  electron  affinity  is  equal  to  The  perturb- 

ing system  is  new  a neutral  atom,  X,  and  one  argues  that  at  large  inter- 
nuclear  separations  the  distortion  of  this  electronic  wave  function  by 
the  approaching  atom  is  negligible.  One  can  then  build  up  orbitals  for 
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the  molecular  ion,  X2  » from  linear  combinations  of  two  atomic  orbitals 

of  the  fom  (12),  and  compute  the  splitting  between  the  gerade  and 

ungerade  potential  curves  Just  as  one  does  for  positive  ionb.  Th«  theory 

is  then  equivalent  to  the  zero-range-potential  (ZRP;  method  used  by  animov 
id 

and  Mrsov  , <acctrt  that  the  constant  q need  not  be  assigned  the  value 

given  by  those  authors. 

19 

Bydln  used  the  ZRP  theory  in  order  to  deduce  electron  affinities 
for  Na,  K,  Rb  and  Cs  from  hi.s  measurements  of  the  charge  transfer  cross 
sections,  obtaining  values  that  are  significantly  lower  than  the  values 
obtained  later  in  hlgh-resolutlon  photodetachment  experiments^®.  Part, 
but  not  all  of  the  discrepancy  can  be  attributed  to  his  choice  of  values 
for  the  constant  q. 

One  obvious  deficiency  in  the  ZRP  approach  Is  that  no  account  is 
taken  of  polarization  effects,  which  mi^.t  be  important  for  alkali  systems. 
Using  the  JWKB  approximation  one  can  easily  amend  eq.  (12)  to  allow  for 
polarization  effects  within  an  undlstorted  ion.  For  example,  for  S states 
one  finds  that  for  large  r 


Uo(r) 


_9L_  + _2L_1 
6^r3  J 


(13) 


in  which  o is  the  polarizability  of  the  neutral  atom.  However  allowance 
for  the  distortion  of  this  orbital  due  to  the  polarization  interaction 
with  the  approaching  neutral  atom  is  more  difficult.  We  have  been  able 
to  do  this  only  by  assuming  that  there  exists  a reuige  of  values  of  r 
which  are  large  enough  so  that  (13)  is  a valid  representation  of  u^(i) 
tut  are  small  enough  that  there  is  insignificant  distortion  due  to  the 
neighbouring  atom.  Such  a region  can  exist  only  for  large  values  of 
the  inter-nuclear  distance,  say  R ~ 20  a.u.  In  applying  this  theory  we 
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found  that  the  polarization  interactions  do  not  lead  to  significant  changes 
in  the  cross  section,  except  perhaps  throu^  their  influence  on  the  value 
of  the  constant  q.  Thus,  although  we  have  performed  ced.culatlons  for  Ka” 
and  Cs  , we  do  not  deem  it  worthwhile  to  describe  in  detail  our  theoretical 
method,  or  to  give  quantitative  results.  Nevertheless  we  can  state  with 
some  confidence  that  the  magnitude  of  the  cross  sections  measured  by 
Bydin  for  Cs  - Cs  collisions  seem  to  be  consistent  with  the  one-electron 
tuodel  whereas  his  values  for  Na"  - Na  are  only  about  of  the  cross 
sections  predicted  by  the  model.  Once  again  the  experimental  cross 
sections  decrease  more  rapidly  than  the  theoretical  results  as  the  energy 
is  increased. 

The  cross  sections  given  by  Duman  and  Snimov  for  Na“,  K",  Rb“ 
and  Cs  appear  to  be  much  too  large  due  to  the  use  of  Incorrect  values 
for  the  electron  affinity. 

At  thennal  energies  the  cross  sections  should  be  predicted  well 
by  the  ZRP  model,  provided  that  d and  q are  chosen  correctly.  For  a 
center-ofniass  energy  of  0.025  eV  we  fl.nd  cross  sections  of  225A^,  910A^ 
and  I32QA  for  H ” H,  Na  - Na  and  Cs  - Cs  collisions,  respectively, 
niese  cross  sections  are  so  large  that  the  effects  of  curvature  in  the 

traJecto’Mes  are  negligible,  which  is  perhaps  surprising  at  such  a low 
energy. 

VII > Conclusions 

The  cross  sections  that  we  have  reported  were  obtained  by 
numerical  evaluation  of  the  JWKB  phase  shifts  and  numerical  integration 
of  the  probabiLity  of  charge  tremsfer  over  the  impact  parameter.  Jfciny 
authors  have  previously  suggested  approximate  techniques  by  which  the 
cross  sections  can  be  derived  analytically.  In  particular  there  is  a 


oonjprehensive  tabulation  of  cross  sections  by  Duman  and  and 

there  are  some  very  recent  calculations  by  Hodgkinson  and  Briggs^**. 

For  three  of  the  systems  discussed  above,  we  tested  the  validity 
of  the  Firso’=  procedure  of  setting  the  integral  of  P(b,v)  over  b equal 
bo  inb^  . For  Rb'*’  and  Ca'*’  we  find  that  if  the  critical  parameter  bQ  is 
chosen  in  the  manner  suggested  by  animov,  namely  the  largest  value  of 
b for  whloh  AT)(b,v)  is  equal  to  0.275,  then  the  cross  sections  are  pre- 
dicted with  an  error  of  arourd  1^.  For  Cs“  the  error  seems  to  have  a 

*2 

constant  value  of  around  lOA  . Hiis  critical  value  corresponds  to  a 
charge  transfei  probability  of  — OvJ75*  Ihe  critical  values  suggested 
by  Firsov^  and  by  Rapp  and  Francis'^  do  not  lead  to  such  good  results. 

Hie  major  errors  in  the  crc.js  sections  tabulated  by  Duman  and 

iq 

animov"^  arise  from  the  assumption  of  straight  line  trajectories,  which 
in  most  cases  is  not  justified  for  an  energy  of  0.1  eV.  Most  of  their 
values  at  this  energy  are  therefore  significantly  too  small.  All  our 
cross  sections  seem  to  be  higher  chan  those  of  Duman  and  Smirnov,  but 
at  energies  of  1 eV  and  above  the  differences  are  less  than  10^,  except 
for  Kr"*"  - Kr  collisions.  For  that  system  we  believe  that  the  results 
quoted  by  Duman  and  Staimov  should  be  increased  by  approximately  75^t. 


Our  results  are  also  close  tcv  but  slightly  higher  than,  those  obtained 

ill 

by  Hodgkin son  and  Briggs  . 

We  have  shown  that  for  Kr^  ions  and  Xe"*^  ions  the  cross  sections 
for  charge  transfer  are  different  for  the  two  fine-structure  components 

ot  the  ground  state.  The  different  mobilities  that  have  been  found  for 

2 2 + + 

^3/2  ^ moving  through  their  parent  gas  atoms 

may  therefore  be  attributed  to  the  different  charge  transfer  cross 

sections.  However  althoufji  theory  eind  experiment  agree  on  the  size  of 

this  effect  in  Xe,  there  is  a discrepancy  in  Kr  which  we  do  not  understand. 


I 
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lh«re  s^m.»  to  be  a systematic  difference  in  the  energy  dependence 
of  the  cross  sections  for  sj/nmetric  charge  transfer  between  theory  and 
eaqperinent ; with  a more  rapid  decrease  being  seen  in  the  expetimental  data. 
Further  theoretical  stu^  and  more  accurate  beam  data  may  therefore  be 
worthwhile. 

We  believe  that  the  most  reliable  infomation  concerning  synnetric 
charge  transfer  comes  from  mobility  measurements,  aid  thus  intend  to  study 
the  transport  theoiy  more  carefully  to  determine  the  accuracy  with  which 
cross  sections  can  be  derived  from  such  data. 
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Figure  Captions 


Charge  transfer  cross  sections  for  Li'*’  - Li  collisions  as  a 
function  of  the  inverse  velocity,  0 this  work,  X two  state 


cej-culations  of  McMiUen^^,  A experimental  results  of 
28 


Perel  et  al. 

Square  root  of  the  Li'*'  - Li  cross  section  as  a function  of 
the  center-of-mass  energy,  — ^ this  work,  A Duman  and 

Smimov^3  (theory), Lorents  et  al.  (expt.). 

- K charge  transfer  cross  sections  as  a function  of  center- 
of-mass  energy,  this  work, Dumen  and  Smimov^^  (theory). 


0 Gentry  et  al.^^  (expt.). 

Rb'*'  - Rb  cross  sections,  showing  the  values  calculated  in  this 
work  (full  line)  and  by  Duman  euad  Smimov^3  (long-dashed  line), 
and  the  experimental  results  of  Gentry  et  al.^3  (circles)  and 
Perel  et  al.^^^^*^  (short-dashed  line). 

Cs"*"  - Cs  cross  sections,  with  the  same  notation  as  in  Fig.  4. 
Ca'*’  - Ca  cross  sections.  The  dashed  lines  show  the  theoretical 
results  obtained  in  this  work  with  q = 1.5  (A)  and  q = 1.0  (b) 
and  by  Duman  and  Smirnov  (c);  the  experimental  results  of 
Rutherford  et  al.^®  (circles)  and  Panev  et  al.^^^**®  (full 
line)  axe  also  shown. 

Square  root  of  the  U'*’  - U cross  sections  for  three  values  of 
the  polarizability,  X 120  a.u. , 0 l62  a.u,  A 200  a.u. 

Square  root  of  the  Kr^  - Kr  cross  section,  for  both  ^^2/2 


ajid  Pi/2 


Fig.  9 Square  root  of  the  Xe’*’  - Xe  cross  section,  for  both 


and  P, /o  ions. 
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